Momentum distributions of particles from nuclear break-up of fast threebody halos are calculated consistently, and applied to 11 Li. The same twobody interactions between the three particles are used to calculate the ground state structure and the final state of the reaction processes. We reproduce the available momentum distributions from 11 Li fragmentation, together with the size and energy of 11 Li, with a neutron-core relative state containing a p-state admixture of 20%-30%. The available fragmentation data strongly suggest an s-state in 10 Li at about 50 keV, and indicate a p-state around 500 keV.
The most detailed source of experimental information about the structure of these nuclei is the momentum distributions of the "particles" resulting from fragmentation reactions [4] [5] [6] [7] . One major problem in the interpretation of such measurements is the inherent mixture of effects from the original structure and the reaction mechanism [8] . Both should therefore be consistently incorporated in model calculations.
The simplest model assumes the sudden approximation, where one of the particles instantaneously is removed from the three-body system while the other two particles remain completely undisturbed. Clearly this can only be justified for reaction times much shorter than the characteristic time for the motion of the three particles in the system. Since halo nuclei are weakly bound and the beam energy is very high this requirement is exceedingly well fulfilled. The observed momentum distributions therefore seems to provide direct information about the three-body wave function [9] . However, the interactions between the remaining two particles are often essential especially when low lying resonances are present [5, 10, 11] . In principle, processes in which the three particles move along together after the fragmentation are also possible. However they occur through Coulomb dissociation, requiring a heavy target or by using of a low energy beam. Since we consider a light target and a high energy beam this kind of reactions is then out of our model, and they are not considered in this letter.
The final state two-body interactions (FSI) are active in the last part of the reaction process and they determine simultaneously the three-body structure of the initial halo nucleus.
A consistent treatment is necessary to allow reliable interpretations of this major source of detailed experimental information. In this letter we report on such model calculations, where we combine an accurate three-body description with an equally accurate computation of momentum distributions. After a general discussion we shall present detailed calculations of momentum distributions of particles from fragmentation reactions of 11 Li when FSI are included.
Method. After the collision in which one particle is suddenly removed, the probability of finding the remaining two particles with relative momentum k x and total momentum k y relative to the center of mass of the three-body system is proportional to the overlap
where Ψ(x, y) is the three-body wave function. The coordinates x and y are the usual Jacobi coordinates [2, 3] where x is drawn between the two particles surviving after the fragmentation. Without FSI the momentum distribution or the differential cross section is then proportional to the square of the Fourier transform of the three-body wave function.
Inclusion of FSI now amounts to substituting the plane wave e ikx·x in eq.(1) by the appropriate distorted two-body wave function w. The momentum distribution is then given by
where J is the total spin of the halo nucleus, and s x and σ x are the spin of the two-body final state and its projection. The summations in eq.(2) arise from the average over initial states (M) and the sum over final states (s x and σ x ).
In our calculation the three-body wave function is obtained by solving the Faddeev equations in coordinate space, where the nucleon-nucleon potential is fitted to low energy s and p-wave nucleon-nucleon scattering data, and the neutron-core potential is adjusted to
give the proper binding energy and mean square radius of the three-body system [12, 13] .
The partial wave expansion of the two-body final state wave function is written as [14] 
where the radial functions u j ℓs (k, x) are obtained by solving the Schrödinger equation with the appropriate two-body potential. Finally, we calculate the expression in eq. (2) and subsequently integrate over the unobserved quantities to obtain the measured momentum distributions. The details of the formalism will be presented elsewhere.
General results. We reveal the general results of the procedure described above by using the three-body halo 11 Li ( MeV/c, broader than the distributions obtained when one of the neutrons is removed, but narrower than the calculation without FSI. As seen from table I, the agreement with the experimental data is quite good, especially for low energies of the s virtual state. This is in complete agreement with the low lying s virtual state (∼ 50 keV) recently suggested in [5] along with a p-state resonance near 0.5 MeV.
It should be mentioned that a narrow momentum distribution can also be obtained with a low lying p-resonance. However in this case the lowest s-state must be shifted towards much higher energies to reproduce the correct binding energy of 11 Li.
Realistic calculations for 11 Li. Up to now, we have neglected the spin dependence of the neutron-core interaction or equivalently assumed that the spin of the core is zero. Of course, this is not realistic (the spin of 9 Li is 3/2), and the neutron-core interaction should include a spin dependence, splitting the two possible s-states of 10 Li with total angular momentum 1 and 2. To do this, we have in the neutron-core potential included one term proportional to s n · s c , where s n is the spin of the neutron and s c the spin of the core [13] . For simplicity, the spin splitting term has been introduced only in the s wave.
It is now possible to place an s-state at 50 keV and the lowest p-resonance at 500 keV, as suggested by the analyses in [5] . Simultaneously we are able to vary the content of s and p-waves in the neutron-core subsystem of 11 Li. Such realistic calculations can be compared directly with the experimental data. We then place the lowest p-resonance at 500 keV, and the lowest s-state with total angular momentum 2 at 50 keV. Then we use the spin-orbit potential in the neutron-core interaction to vary the total p-state content in the 11 Li wave function, and finally we adjust the energy of the second s-state (with total angular momentum 1) to recover the correct binding energy and mean square radius in the 11 Li. This procedure determines completely the low lying resonance structure of 10 Li. Very similar results are obtained by placing the s-state with angular momentum 1 at 50 keV, and instead adjusting the energy of the s-state with angular momentum 2.
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In Fig.2 we show the one dimensional transverse momentum distribution of 9 Li fragments.
The experimental data [7] correspond to a reaction at 280 MeV/u in a C target. The 11 Li wave function contains around 26% of p-wave in the neutron-core subsystem, but the result is almost independent of the p-state admixture. The results of the computation with (solid line) and without (dashed line) FSI are shown in the figure. The curves have been convoluted with the experimental beam profile [7] . As expected, the effect of FSI is rather small in the central region. For momenta larger than around 75 MeV/c the neutrons are inside the core, and our three-body model is not valid anymore. Also, in the high momentum region other effects, like diffraction processes, should be considered. The good agreement in the central region shows that our 11 Li wave function is accurate enough to describe the process.
To evaluate the effect of FSI on the momentum distributions we investigate neutron distributions, much more sensitive to them. The results are shown in Fig.3 for the two dimensional neutron momentum distribution, both for neutron removal process (upper part) and for core break-up reactions (lower part). The appropriate FSI are included, i.e. neutroncore in the first case and neutron-neutron in the second case. In both cases the experimental data correspond to reactions of 11 Li at 280 MeV/u with a C target [5, 6] . Several 11 Li wave functions with different content of s and p-waves in the neutron-core channel have been used.
In particular, going from the narrower to the broader distributions, the curves correspond to calculations with 4, 18, and 35% of p-wave. In both parts of the figure, FSI are essential to recover the observed behaviour of the distributions.
The core break-up process (lower part) is almost insensitive to the structure of 11 Li and the peculiarities of the neutron-core interaction. This is due to the fact that the final state interactions between the two neutrons are independent of the neutron-core potential. The nice agreement with the experiment strongly supports the method and the model. In the upper part of Fig.3 the two dimensional neutron momentum distribution for neutron removal reactions are shown. Now we see that a 11 Li wave function with a small content of p-wave clearly underestimates the width of the momentum distribution, while a wave function with more than 35% of p-wave in the neutron-9 Li subsystem overestimate the width. The best 6 results are obtained when a p-wave admixture of around 26% is used. The data in the upper part of Fig.3 also support the choice of a 500 keV p-state, since this energy corresponds to the bump observed around p r ≃ 30 MeV/c.
Summary and conclusions.
We have calculated momentum distributions of fragments from high-energy nuclear break-up reactions of three-body Borromean halo nuclei. The two-body interaction in the three-body description of the halo nucleus is identical to the final state interaction between the two particles remaining after the target has removed the third particle. We maintain this consistency in the description. The final state interaction may significantly reduce the width of the momentum distribution of the light particle. The size of this reduction strongly depends on the resonance structure of the remaining two-body system.
After extraction of the general properties, we applied the model to fragmentation of the three-body halo nucleus 11 Li. First, we compared the core-momentum distribution after neutron removal with experimental data. The results are only marginally sensitive to final state interactions and the sudden approximation only recovers the ground state wave function in momentum space. The good agreement with measurements therefore demonstrates the validity of our 11 Li three-body model and the reaction mechanism assumed.
Secondly, we computed two dimensional neutron distributions after core break-up. They are rather insensitive to the characteristics of the neutron-core interaction which only enters through the properties of the ground state wave function. However the final state neutronneutron interaction is essential to reproduce the measured data. This demonstrates the validity of our method of including final state interactions.
Thirdly, we computed two dimensional neutron distributions after one neutron removal.
They depend crucially on the neutron-core interaction which now enters both through the properties of the ground state wave function and through the final state interaction. /dp x (arb. units) 
